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HIGHLIGHTS 


•  After  1000  h  at  800  °C  LNC/Fe— Cr  mesh  still  present  adequate  mechanical  integrity. 

•  ASR  value  for  LNC/Fe— Cr  mesh  with  interconnect  was  5.40  ±  0.01  mQ  cm2  at  800  °C. 

•  Cr  deposition  under  the  channel  is  higher  than  under  the  rib  of  the  interconnect. 
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The  feasibility  of  using  Crofer22APU  mesh  dip  coated  with  LaNio+Coo^Os^  (LNC)  ceramic  paste  as  a 
uniform  contact  layer  on  a  Crofer22APU  channeled  interconnect  was  studied.  The  control  of  LNC  dip 
coating  thickness  on  Fe— Cr  mesh  was  carried  out  by  rheological  measurements  of  the  suspension.  SEM 
cross-section  of  formed  composite  contact  material  showed  good  adherence  between  ceramic  and 
metallic  components.  The  measured  area  specific  resistance  (ASR)  value  at  800  °C  was 
0.46  ±  0.01  mQ  cm2,  indicating  low  contact  resistance  itself.  The  long  term  stability  of  metallic/ceramic 
composite  was  also  studied.  The  contact  resistance,  when  composite  contact  material  was  adhered  to 
channeled  Crofer22APU  interconnect,  was  5.40  ±  0.01  mQ  cm2,  which  is  a  suitable  value  for  the  per¬ 
formance  of  IT-SOFC  stack.  The  stability  of  the  system  after  treating  at  800  °C  for  1000  h  was  charac¬ 
terized  using  X-ray  Micro-Diffraction  (XRMD),  Scanning  Electron  Microscope  equipped  with  an  Energy 
Dispersive  X-ray  analyzer  (SEM-EDX)  and  X-ray  Photoelectron  Spectroscopy  (XPS)  techniques.  The 
oxidation  rate  of  the  alloy  and  Fe304  phase  formation  were  enhanced  on  the  channels  of  the  intercon¬ 
nect.  Thus,  the  formation  of  Cr03  (g)  and  Cr02(0H)2  (g)  species  was  accelerated  on  the  composite  surface 
under  the  channel.  Through  XRMD  and  XPS  analysis  the  coexistence  of  two  perovskite  phases  (initial  LNC 
and  Cr-perovskite)  was  observed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Global  warming  and  its  detrimental  climatological,  ecological 
and  sociological  effects  have  led  to  an  increasing  interest  in  more 
efficient  and  clean  power  systems  [  1  ].  High  temperature  solid  oxide 
fuel  cells  (HT-SOFCs,  operating  in  the  range  of  800-1000  °C)  have  a 
good  potential  for  being  used  as  stationary  stand-alone  power 
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generation  systems  [2].  For  these  applications,  chemical  to  elec¬ 
trical  efficiency  of  HT-SOFC  is  in  the  range  of  45-65%  [3  .  For 
smaller  scale  applications,  such  as  micro  combined  heat  and  power 
(micro-CHP),  small  auxiliary  power  units  (APUs)  and  small  elec¬ 
trical  generators  [4],  there  is  a  need  to  lower  operation  tempera¬ 
tures,  into  the  intermediate  temperatures  (IT)  range  of  500-800  °C. 
Lower  temperature  operation  affords  more  rapid  start-up  and  shut¬ 
down. 

A  single  SOFC  cell  produces  -0.6-0.7  V  under  normal  working 
conditions  [3].  Therefore,  in  order  to  obtain  the  desired  electric 
power  output,  single  cells  are  connected  and  fabricated  together  to 
form  a  stack  using  interconnect  and  sealing  materials  [5  .  In  HT- 
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SOFCs,  the  bond  between  the  cell  and  the  LaCr03  interconnect  is 
typically  realized  by  sintering  at  1300  °C.  A  solid  bond  with  good 
electrical  contact  is  obtained  and  no  other  contact  material  is  then 
required.  However,  for  IT-SOFC  chromium-containing  ferritic 
stainless  steels  are  generally  used  as  interconnect  [6,7]  and,  contact 
materials  are  needed  to  provide  a  homogeneous  bonding  between 
interconnect  and  electrode  to  avoid  power  losses  [8  .  Previous 
studies  [9,10],  based  on  the  effect  of  contact  between  electrode  and 
current  collector  on  the  performance  of  SOFCs,  concluded  that 
when  the  contact  area  of  the  current  collector  increased  from  4.6% 
to  27.2%,  the  cell  resistance  decreased  from  1.43  to  0.19  Q  cm2  at 
800  °C. 

The  oxide  scale  formed  on  the  surface  of  Fe-Cr  alloys,  after  long 
exposure  in  the  SOFC  environment,  results  in  volatile  chromium 
(Cr)  species  such  as  Cr03  and  Cr2(OH)2  (in  presence  of  vapor)  [3]. 
These  species  can  cause  rapid  performance  deterioration  in  SOFCs 
due  to  the  deposition  of  Cr  at  the  bulk  electrode  and  at  the  elec¬ 
trolyte/electrode  interface  regions  11  .  The  cathode  contact  ma¬ 
terials  can  act  as  a  barrier  to  the  migration  of  chromium  from  the 
metallic  to  the  cathode  and  further  minimize  the  area  specific 
resistance  (ASR)  between  both  materials  [12-14  . 

The  cathode  contact  materials  compositions  should  fulfill  the 
following  requirements  15,16  :  i)  high  electrical  conductivity  and 
appropriate  sintering  activity  to  minimize  the  resistance  of  the 
contact  layer  itself  and  to  protect  the  steel  substrate  from  excessive 
oxidation,  ii)  chemically  compatible  and  appropriate  thermal 
expansion  behavior  with  adjacent  materials  and,  iii)  high  thermo¬ 
chemical  and  structural  stability  in  the  oxidizing  cathode  envi¬ 
ronment.  The  materials  used  as  contact  layers  include:  i)  noble 
metals  (Ag)  or  noble  metal-perovskite  composites  (Ag- 
(La0.6Sro.4)(Coo.8Feo.2)03,  Ag-La0.8Sr0.2MnO3),  ii)  conventional 

perovskite  cathode  materials  (such  as,  Lao.6Sro.4Coo.2Feo.sO3, 
Lao.8Sro.2Fe03),  iii)  oxides  with  a  spinel  structure,  M3O4  (M  =  Ni, 
Mn,  Co,  Cu,  Fe),  or  iv)  recently  developed  oxides  like  Nio.33Coo.67O. 
Despite  the  interactions  of  these  kind  of  materials  which  formed 
oxide  scale  on  metal  surface,  due  to  their  susceptibility  to  form 
phases  like  Ag2CrC>4,  AgCr02,  SrCrCH,  Cr-spinels  or  Cr-perovskites, 
the  use  of  those  materials,  in  most  cases,  are  quite  effective  for 
improving  the  electrical  contact  between  the  cathodes  and  metallic 
interconnects  17-25].  In  addition,  these  materials  can  reduce  the 
oxidation  rate  of  the  steel  and  minimize  the  formation  of  new 
phases  arising  from  the  oxidation  of  metal  itself  such  as,  Fe203  and 
Fe3C>4  [26  .  In  this  study,  LaNio.6Coo.403_5  (LNC)  ceramic  composi¬ 
tion  was  selected,  due  to  the  adequate  sintering  activity,  electrical 
conductivity  and  thermal  expansion  coefficient  (TEC)  [17  ,  coupled 
with  ferritic  stainless  steel  Crofer22APU  mesh  to  form  a  ceramic/ 
metallic  composite  contact  material.  Crofer22APU  was  developed 
to  increase  the  electrical  conductivity  of  the  scale  and  to  reduce  the 
chromium  vaporization.  This  is  achieved  by  adding  0.5%  Mn  in  its 
composition  which  facilities  the  (Cr.Mn^CH  spinel  formation  3]. 
The  use  of  a  high  conductivity  perovskite  type  material  in 
conjunction  with  stainless  steel  mesh  is  expected  to  improve  cur¬ 
rent  collection.  At  the  same  time,  it  achieves  a  continuous  contact 
on  the  ribs  without  sacrificing  the  flow  of  the  air  through  the 
channels.  Taking  into  account  our  previous  studies  17,27]  the  use 
of  this  composite  material  between  Crofer22APU  interconnect  and 
Lao.6Sro.4Fe03  cathode  in  flow  channel  configuration,  can  offer  an 
adequate  mechanical  integrity  and  low  reactivity  between  the 
applied  layers  without  compromising  the  contact  resistance  of  the 
system. 

The  goal  of  this  work  is  to  develop  a  metallic/ceramic  composite 
contact  material  achieving  a  good  bonding  between  this  contact 
material  and  the  channeled  metallic  interconnect.  An  adequate 
formulation  of  the  LNC  ceramic  slurry  was  set  and  then  dip  coated 
[28,29]  on  Crofer22APU  mesh.  The  electrical  resistance,  chemical 


compatibility  and  adherence  between  ceramic  and  metallic  parts  of 
the  composite  material,  under  long  term  IT-SOFC  operating  con¬ 
ditions,  were  determined.  Results  of  electrical  performance  of  the 
contact  material/interconnect  system  are  presented.  In  addition, 
long  term  contact  stability  of  the  metallic/ceramic  composite  ma¬ 
terial  under  the  rib  (direct  contact)  and  channel  (indirect  contact) 
of  the  interconnect  was  analyzed. 

In  order  to  understand  the  interactions  between  the  Crofer22- 
APU  alloy  and  the  LNC  ceramic  material  the  following  issues  were 
considered  [3,30]:  i)  the  preoxidized  alloys  form  protective  and 
semi-conductive  chromia  oxide  and  a  dense  and  stable  (Cr.Mn^CH 
spinel  on  the  surface  of  the  alloy,  which  is  effective  to  reduce  the 
generation  of  volatile  Cr  species  ii)  the  reason  for  the  Cr  volatility  is 
the  thermodynamic  instability  of  chromia  scales  formed  on  the 
alloy,  forming  gaseous  species  (CrOx  (x  =  1,2,3));  and  iii)  the 
deposition  process  of  Cr  species  at  the  ceramic  coating,  under  SOFC 
operation  conditions,  can  be  described  by  the  nucleation  deposi¬ 
tion  theory. 

2.  Experimental 

The  formulation  of  ceramic  powder  used  in  this  study  was 
LaNio.6Coo.403_<5  (LNC)  (NexTech,  Fuel  Cell  Materials).  To  obtain 
metallic/ceramic  contact  composite,  Crofer22APU  stainless  steel 
mesh  (Fiaxell  SOFC  Technologies),  with  mesh  opening  of  about 
175  pm  and  a  thickness  of  250  pm,  was  cut  into  10  x  10  mm 
squares,  cleaned  with  acetone  in  an  ultrasonic  bath  and  dried.  The 
squared-meshes  squares  were  preoxidized  at  600  °C  for  10  h  and 
then  dip  coated  with  an  LNC  ceramic  paste  (dip  coating 
rate  =  4.5  mm  s_1).  The  chemical  composition  of  the  steel,  as  given 
by  the  supplier,  is  listed  in  Table  1.  The  ceramic  slurry  was 
composed  of  ceramic  powder  (LNC),  dispersant  (Dolapix,  Zschim- 
mer  &  Schwarz,  Chemische  Fabriken),  binder  (PVB,  polyvinyl 
butyral,  Solutia  Solutions)  and  solvent  (ethanol,  Panreac).  The  paste 
composition  was  based  on  the  formulation  shown  in  Table  2.  Par¬ 
ticle  size  distribution  of  the  ceramic  powder  was  carried  out  using  a 
Mastersizer  particle  size  analyzer  (Malvern  Instruments).  Rheology 
of  the  suspensions  was  analyzed  using  a  rheometer  (HAAKE  MARS 
II)  at  shear  rates  from  0.1  s-1  to  1000  s-1,  and  at  room  temperature. 
Ceramic/metallic  material  was  sintered  at  1050  °C  for  2  h  9]  and 
then  treated  at  800  °C  for  1000  h,  in  open  air. 

The  composite  contact  material  was  bonded  to  a  Crofer22APU 
channeled  interconnect  (ThyssenKrupp  VDM).  The  channels  of 
substrate  are  2  mm  width,  0.5  mm  depth,  10  mm  length  and  the 
distance  between  neighboring  is  2  mm  (Fig.  1).  The  substrate  was 
cut  into  10  x  10  mm  and  1  mm  thick  pieces,  polished  using  #800 
grit  SiC  paper  and  then,  cleaned  with  acetone  in  an  ultrasonic  bath 
and  dried.  Subsequently,  they  were  preoxidized  at  800  °C  for  100  h. 
An  additional  layer  of  LNC  was  coated  on  the  ribs  of  the  intercon¬ 
nect  substrate  by  colloidal  spray  technique  [31].  The  composite 
contact  material  was  directly  adhered  to  the  interconnect,  sintered 
at  1050  °C  for  2  h  and  then  treated  at  800  °C  for  1000  h.  The 
reactivity  between  the  contact  material  and  the  rib  and  channel  of 
the  Fe-Cr  interconnect,  after  long  term  heated  at  800  °C  in  open  air, 
was  characterized  according  to  the  scheme  shown  in  Fig.  1.  All  the 
experiments  were  performed  in  open  air  so  the  moisture  level  in 
the  incoming  air  stream  can  be  establish  considering  that  the  water 
vapor  (H2O)  in  air  is  around  0.001-5%  by  volume.  However,  these 


Table  1 

Composition  of  the  Crofer22APU  steel  in  wt%. 


Cr 

Fe 

Mn 

Ti 

Si 

Al 

La 

Others 

Crofer22APU 

22 

Bal.a 

0.5 

0.1 

0.25 

0.25 

0.15 

0.28 

a  Balance. 
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Table  2 

Ceramic  slurry  composition  prepared  for  dip-coating. 


Ceramic  slurry  composition 

Volume  % 

Ceramic  powder,  LNC 

12.5 

EtOH 

87.5 

Dispersant,  Dolapix 

1%  regarding  to  the  ceramic  powder 

Binder,  PVB 

5%  regarding  to  the  ceramic  powder 

values  depend  on  the  temperature  so  it  was  difficult  to  determine  a 
moisture  numerical  value  in  the  performed  experiments.  Never¬ 
theless,  in  order  to  analyze  Cr  species  formation  over  the  chromium 
scale  it  has  been  considered  a  wet  atmosphere. 

X-ray  Micro-Diffraction  (XRMD)  data  were  collected  using  a 
Bruker  D8  Discover  diffractometer  equipped  with  a  Cu  Twist  tube, 
Ni  filter  (A  =  1.5418  A),  PolyCap™  (lp  single  crystal  cylinders) 
system  for  parallel  been  generation  (divergence  of  0.25°),  and  a  1-D 
LynxEye  PSD  detector  (active  length  in  26  2.7°).  The  sample  was 
mounted  on  an  Eulerian  Cradle  with  automatic  controlled  X-Y-Z 
stage.  The  sample  illumination  was  adjusted  with  1  mm  PinHole 
collimator  in  the  incident  beam,  the  position  control  was  tested  by 
using  the  interference  of  two  lasers.  Data  were  collected  from  10  to 
100°  26  (step  size  =  0.04  and  time  per  step  =  10  s  total  time  6.5  h)  at 
RT. 

Surface  and  cross-section  of  the  samples  were  analyzed  by  a 
scanning  electron  microscope  (SEM,  JEOL  LSM-6400)  equipped 
with  an  Oxford  Pentafet  energy  dispersive  X-ray  analyzer  (EDX). 
Secondary  electron  images  (SE)  were  taken  at  20  kV  and  1.1  1CT11  A 
using  a  working  distance  of  7  mm.  Composition  analysis  was  per¬ 
formed  using  back-scattered  electrons  (BSE)  at  20  kV  accelerating 
voltage,  1  10  9  A  current  density  and  15  mm  working  distance.  For 
the  cross-section  analysis,  samples  were  embedded  in  epoxy  resin, 
polished  using  standard  metallographic  techniques,  and  coated 
with  a  coal  graphite  layer  (10  nm)  that  was  deposited  by  evapo¬ 
ration  (BLA-TEC  SCD  004  Sputter  Coater)  to  provide  electrical 
conductivity.  INCA  350  software  (Oxford  Instrument)  was  used  to 
reconstruct  the  spectra,  and  Fe,  Cr,  Mn  and  an  LNC  pellet  were  used 
as  standards. 

X-ray  photoelectron  spectroscopy  (XPS)  measurements  were 
carried  out  in  an  SPECS  (Berlin,  Germany)  system  equipped  with  a 
Phoibos  150  1D-DLD  analyzer  and  monochromatic  Al  Ka  radiation 
(1486.6  eV).  The  analysis  of  the  present  elements  were  made  at 
wide  scan  mode  (step  energy  1  eV,  dwell  time  0.1  s,  pass  energy 
80  eV)  and  after  that,  high-resolution  spectra  of  the  found  elements 
were  acquired  (step  energy  0.1  eV,  dwell  time  0.1  s,  pass  energy 
20  eV)  with  an  electron  take-off  angle  of  90°.  The  binding  energies 


were  calibrated  using  Cls  peak  (BE  =  284.6  eV)  as  an  internal 
standard. 

Area  Specific  Resistance  (ASR)  measurements  were  performed 
using  the  DC  four-probe  method  (the  resistance  value  was  esti¬ 
mated  from  the  voltage  value  (c  1604  Digital  Multimeter)  measured 
on  applying  a  current  of  1A  (Thurlby  Thandar  Instruments  PL300 
current  source)  [32],  on  both  LNC  dip-coated  Crofer22APU  mesh 
composite  (Fig.  2a)  and  on  a  system,  which  was  prepared  according 
to  the  geometries  shown  in  Fig.  2b,  in  open  air.  Electrical  contacts 
between  samples  and  external  measuring  circuit  were  made  using 
two  Pt  wires  directly  welded  onto  the  sides  of  the  interconnect,  and 
using  Pt  paste  and  Pt  mesh  onto  the  surface  of  the  composite 
contact  material. 

3.  Results  and  discussion 

3.2.  Control  of  LNC  dip  coating  thickness  on  Fe-Cr  mesh 

Prior  to  the  rheological  characterization,  particle  size  distribu¬ 
tion  measurements  were  performed  on  LNC  powders,  since  this 
parameter  influences  the  rheological  properties.  Fig.  3  shows  a 
monomodal  size  distribution  of  LNC  powder  (dso:  2.37  pm).  The 
characterization  of  LNC  slurries  by  rheological  measurements  is 
important  to  control  coated  thicknesses  during  the  dip  coating 
process.  A  summary  of  the  composition  of  the  slurry  is  shown  in 
Table  2.  Rheological  characterization  of  the  suspensions  showed  a 
newtonian  fluid  behavior,  which  means  that  the  viscosity  values 
are  independent  of  the  shear  rate.  Typical  viscosity  values  are  in  the 
range  of  0.054  Pa  s,  leading  to  a  LNC  thickness  of  the  layers  after 
dip-coating  and  sintering  of  -500  pm. 

3.2.  Characterization  of  composite  contact  material 

LNC  ceramic  slurries  were  dip  coated  on  preoxidized  Crofer22- 
APU  stainless  steel  mesh  and  sintered  at  1050  °C  for  2  h  in  order  to 
form  the  composite  contact  material.  Fig.  4  shows  surface 
morphology  SEM  micrographs  of  Fe-Cr  mesh  before  and  after 
sintering  the  LNC  layers.  The  area  specific  resistance  (ASR)  value  of 
the  metallic/ceramic  composite  material  was  0.46  ±  0.01  mQ  cm2  at 
800  °C.  This  minimal  ASR  value  confirms  that  the  use  of  this 
composite  material  as  a  contact  layer  is  adequate.  SEM  cross- 
section  (Fig.  5)  of  the  obtained  ceramic-metallic  composite  con¬ 
tact  material,  after  ASR  measurements,  showed  good  adherence 
between  LNC  ceramic  material  and  Crofer22APU  mesh,  due  to 
similar  TEC  values  between  Crofer22APU  and  LNC  materials  [17].  As 
observed  from  Fig.  5,  the  ceramic  coating  is  continuous  and  ho¬ 
mogenous  along  the  sample. 


LNC-coatcd  Crofer22APU  mesh 

■ 

contact  layer 

Under  rib 

Under  channel 

Interface 

•  SEM-EDX 
•XPS 


Rib 


Channel 


XRD 


Fig.  1.  Schematic  representation  of  the  characterization  of  {LNC  dip-coated  on  Crofer22APU  mesh  composite  contact  material/Crofer22APU  channeled  interconnect)  system. 
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LNC-coated  Crofer22APU  mesh 
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LNC-coated  Crofer22APU  mesh 
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Crofer22APU  interconnect 


Q- 
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LNC 


(b) 
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Fig.  2.  Schematic  view  of  the  system  configuration  for  ASR  measurements  for:  a)  composite  contact  material  and  b)  composite  contact  material  on  channeled  interconnect. 
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Fig.  3.  Particle  size  distribution  of  LNC  powder. 


32  A.  Long  term  stability  of  composite  contact  material 

In  order  to  study  the  chemical  compatibility  and  also  to  estab¬ 
lish  the  adherence  between  the  ceramic  and  metallic  parts,  the 
sintered  at  1050  °C  composite  contact  material  was  heated  at 
800  °C  for  1000  h,  in  open  air.  EDX  mapping  (Figs.  6  and  7)  were 
performed  of  a  cross-section  of  the  composite  material  after  long¬ 
term  operation  was  performed,  and  compared  with  another  sam¬ 
ple  just  sintering  at  1050  °C  for  2  h  used  to  establish  initial 


reactivity.  According  to  Fig.  6,  the  initial  material  showed  a  (0203 
and  (Mn, (0)304  spinel  protection  layer  to  minimize  Cr  migration 
through  ceramic  coated,  as  expected.  Nevertheless,  the  formed 
passive  chromia  layer  is  not  enough  to  prevent  the  migration  of  Cr 
since  the  evaporation  of  protective  chromia  layer  takes  place.  Early 
investigations  [33]  revealed  that  (Mn,Cr)304  spinel  offers  lower 
volatility  of  Cr  than  chromia.  However,  this  reduction  is  less  than  an 
order  of  magnitude.  Thus,  a  Cr  deposit  ring  along  the  edge  of  the 
LNC  ceramic  coated,  whose  width  was  ~35  pm,  was  also  observed. 
The  redeposition  of  chromium  at  the  contact  material,  usually  as 
poor  conductive  phases,  could  decrease  the  cell  performance  [34]. 

The  direct  contact  between  the  ceramic  contact  material  and  the 
alloy  makes  possible  solid  phase  diffusion  of  Cr  [35  .  However,  the 
microstructure  of  the  ceramic  material  revealed  open  porosity  in 
the  initial  material  and  composite  after  heating  at  800  °C  for  1000  h 
in  open  air,  allowing  vapor  phase  transport  of  volatile  Cr-species 
(CrC>3  (g),  Cr02(0H)2  (g))  throughout  the  LNC  coating.  It  has  been 
found  that  [36]  the  most  dominant  chromium  species  are  CrC>3  in 
dry  air  and  Cr02(0H)2  in  humidified  air.  However,  the  partial 
pressure  of  Cr02(0H)2  and  Cr03  varies  significantly  with  the  tem¬ 
perature.  At  the  temperature  decreases,  Cr02(0H)2  species  become 
increasingly  dominant.  The  partial  pressure  of  Cr03  decreases 
rapidly  with  the  decrease  of  temperature  while  the  change  in  the 
partial  pressure  of  Cr02(0H)2  with  the  temperature  is  relatively 
small.  So,  when  the  samples  are  sintered  at  1050  °C,  considering  a 
wet  atmosphere,  the  main  chromium  vapor  specie  is  Cr02(0H)2. 
Besides,  it  could  be  found  Cr03  because  its  partial  pressure  is  still 
high.  However,  when  the  samples  are  treated  at  800  °C,  the  partial 
pressure  of  CrC>3  is  low  being  the  dominant  specie  chromium 
oxyhydroxide.  The  deposition  process  of  these  Cr  species  at  the 
contact  material  can  be  described  by  the  nucleation  reaction  be¬ 
tween  the  high  valence  Cr  phases  and  the  nucleation  agents  (Ni2+, 


Fig.  4.  Surface  SEM  micrographs  of  Fe-Cr  mesh:  a)  before  and  b)  after  sintered  LNC. 
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Fig.  5.  SEM  cross-section  of  the  ceramic/metallic  composite  contact  material  after  ASR 
measurements. 

Co2+),  forming  Cr-Ni2+,  Co2+-0  nucleus.  The  reaction  between 
these  nucleus,  gaseous  Cr  compounds  and  nucleation  agents  leads 
to  the  deposition  and  formation  of  Cr203,  (Cr,Mn)304,  CoC^CH,  etc 
[3].  One  should  consider  that  [37]  the  magnitude  of  the  Cr  depo¬ 
sition  is  smaller  with  reducing  the  test  temperature,  using  the  same 
time  exposure  in  each  experiment.  Thus,  in  first  sintering  step  at 
1050  °C  the  Cr  deposition  is  accelerated  by  temperature  and,  in  the 
long  heat  treatment  at  800  °C  by  the  exposure  time.  Thus,  different 
ceramic  material  densifications  were  observed  between  the  initial 
material  and  composite  after  the  long  term  treatment,  showing 
that  the  latter  was  denser.  The  formation  of  dense  new  phases  like 
spinels  might  change  the  pore  distribution  of  the  ceramic  material. 
Therefore,  the  microstructure  of  the  ceramic  coating  depends  on 
the  reactions  undergone  by  the  material. 


High  magnification  cross-sectional  BSE  micrographs  and  the 
corresponding  EDX  elemental  line  scans  of  the  initial  (Fig.  8a)  and 
treated  (Fig.  8b)  material  are  shown  in  Fig.  8.  According  to  other 
studies  [38,39  ,  the  oxide  scale  growth  rate  is  strongly  affected  by 
the  temperature.  With  increasing  temperature  the  growth  rate 
constant  increases  exponentially.  Besides,  it  was  found  [40]  the 
chromium  oxide  scale  rates  at  longer  exposure  time,  on  the  cathode 
side,  can  be  interpreted  as  being  parabolic.  Thus,  the  oxide  scale 
formed  on  the  mesh  after  1000  h  was  slightly  more  noticeable. 
According  to  Ref.  [41]  and  taking  into  account  the  Fe-Cr  phase 
diagram  [42],  the  oxide  scale  formed  on  mesh  steel  surface,  after 
the  sintering  process  of  the  composite  at  1050  °C,  is  formed  by  FCC- 
Fe/Cr203  in  contact  with  the  stainless  steel  and,  by  Fe203  as  the 
oxide  surface.  Between  these  two  layers,  several  oxides  may  form, 
such  as,  Fe304,  FeO,  (Cr, 6)304  spinel  (B  =  Co,  Fe,  Mn,  Ni)  [43-45]. 
The  similar  ionic  radii  of  Co,  Fe,  Mn  and/or  Ni,  make  it  difficult  to 
determine  the  exact  chemistry  of  the  grown  spinel.  At  800  °C  the 
composition  of  the  oxide  scale  has  a  similar  trend  to  that  at  1050  °C. 
However,  in  the  oxide/metal  interface  Cr203  may  form  instead  of 
FCC-Fe/O*203  as  in  the  1050  °C  case.  These  results  are  in  good 
agreement  with  performed  EDX  line  scans  (Fig.  8a  and  b).  The 
formation  of  iron  oxides  in  oxide  scale  makes  alloy  be  more  sus¬ 
ceptible  to  breakaway  oxidation  [46].  The  white  zones  observed  on 
alloys  (Fig.  8)  were  identified  as  LNC  contamination  due  to  the 
polishing  process.  Besides,  locally  internal  precipitates  of  0*203 
followed  by  (Mn, 0)304  spinel  were  also  found  (Fig.  7).  These  in¬ 
ternal  precipitates  could  be  related  to  the  external  oxide  scale  or  it 
could  be  that  the  diffusion  rate  of  oxygen  in  the  alloy  was  stronger 
than  that  of  Cr,  forming  internal  Cr203  precipitates  [47  . 

3.3.  Characterization  of  composite  contact  material  with  channeled 
Crofer22APU  interconnect 

As  starting  point,  the  metallic  substrates  were  oxidized  at  800  °C 
for  100  h.  This  preoxidation  of  the  steel  may  reduce  Cr  and  Fe 
transport  into  the  contact  coating  after  long  oxidation  times  [48].  A 
composite  contact  material  without  sintering  was  directly  adhered 


Fig.  6.  Cross-section  of  composite  contact  material  after  sintering  at  1050  °C  for  2  h  in  air  and  EDX  mapping  of  the  selected  zone  (in  white  continuous  line). 
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Fig.  7.  Cross-section  of  composite  contact  material  after  heating  at  800  °C  for  1000  h  in  air  and  EDX  mapping  of  the  selected  zone  (in  white  continuous  line). 


to  preoxidized  channeled  Crofer22APU  interconnect.  In  order  to 
achieve  good  adhesion  between  both  materials,  the  ribs  of  the 
interconnect  substrate  were  coated  with  LNC  ceramic  material  by 
colloidal  spray.  Then,  the  system  composed  of  {composite  contact 
material/channeled  interconnect}  was  sintered  at  1050  °C  for  2  h  in 


open  air.  In  order  to  check  the  reproducibility  of  the  process, 
different  systems  were  prepared.  Fig.  9  and  Table  3  show  ASR 
values  of  two  systems,  indicating  good  stability  and  similar  signal 
during  the  contact  resistance  measurements,  and  thus  a  good 
adherence  between  the  composite  contact  material  and  the 


(b) 


Fig.  8.  Cross-sectional  BSE  images  and  the  corresponding  EDX  elemental  line  scans  of  a)  initial  material  and  b)  composite  after  the  long  heat  treatment. 
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Fig.  9.  ASR  for  (composite  contact  material/channeled  interconnect)  interface  as  a 
function  of  time. 
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Table  3 

Area  specific  resistance  values  for  composite  contact  material,  with  and 
without  interconnect,  measured  at  800  °C  in  air. 


Sample 

—  ASR  (mQ  cm2) 

Composite  contact  material 

0.46  ±  0.01 

Replica  1 

5.50  ±  0.01 

Replica  2 

5.30  ±  0.01 

interconnect.  The  ASR  values  are  in  good  agreement  with  those 
obtained  in  {Crofer22APU  interconnect  without  channels/LNC 
contact  layer/La0.6Sro.4Fe03  cathode}  system  17].  The  contact 
composite/interconnect  ASR  value  was  5.40  ±  0.01  mQ  cm2,  which 
is  a  suitable  value  for  the  performance  of  IT-SOFC  stack.  In  addition, 
the  obtained  ASR  value  is  lower  than  the  systems  without  applying 


a  contact  layer  [12,16,17].  According  to  SEM  cross-section  of  the 
system  after  ASR  measurements  with  EDX  mapping  to  estimate 
element  diffusion  (Fig.  10),  the  formed  oxide  scale  acts  as  protective 
layer:  Cr203  followed  by  (Cr,Mn)304  spinel  top  layer.  The  composite 
direct  contacted  (the  rib)  and  indirect  contacted  (channel)  with  the 
interconnect  present  similar  Cr,  Mn  and  Fe  distributions.  Along  the 
ceramic  bulk,  Cr3+  and  Mn2+  deposition  was  observed,  indicating 
that  Mn  dopant  promotes  Cr  deposition  on  the  ceramic  material. 


3.3.1  Long  term  stability  of  composite  contact  material  with 
channeled  Crofer22APU  interconnect 

The  {LNC  dip-coated  on  Crofer22APU  mesh  composite  contact 
material/Crofer22APU  channeled  interconnect}  sintered  system  at 
1050  °C,  was  treated  at  800  °C  for  1000  h  in  open  air  to  study  the 
long  term  compatibility  between  the  metallic  substrate  and  the 
composite.  Fig.  11  shows  X-ray  Micro-Diffraction  pattern  re¬ 
finements  performed  on  the  rib  (right)  and  the  channel  (left)  of  the 
interconnect  in  contact  with  the  composite  material,  after  the  long 
term  treatment.  The  preliminary  analysis  of  the  studied  points  was 
carried  out  using  the  X'Pert  FlighScore  software  2003.  After  the 
identification,  the  observed  phases,  in  both  areas,  were  quantified; 
full-profile  refinements  were  performed  using  the  FULLPROF  pro¬ 
gram  [49].  The  formed  phases  and  their  semiquantitative  analysis 
(%  in  weight)  are  presented  in  Table  4.  These  analyses  reveal  that  in 
the  rib  zone  the  main  phases  were  LaNio.6Coo.403_^,  La(Cr,  B)03 
(B  =  Ni,  Co)  and  NiO.  In  addition,  secondary  phases  were  also 
detected:  Fe-Cr,  (Cr,B)304  spinel  (B  =  Co,  Fe,  Mn,  Ni)  and  Fe203.  In 
contrast,  the  channel  zone  present  as  main  phases  LaNio.6Coo.403_<5, 
Fe304,  La(Cr,  B)03  (B  =  Ni,  Co),  Cr203  and  as  secondary  phases: 
Fe-Cr,  (Cr,  B)3C>4  (B  =  Co,  Fe,  Mn,  Ni)  spinel  and  Fe203.  The  original 
Fe-Cr  substrate  was  identified  indicating  that  the  X-ray  penetra¬ 
tion  was  enough  to  observe  the  signal  of  all  the  formed  layers.  The 
quality  factors  of  the  refinements  are  given  in  Tables  5  and  6.  The 
presence  of  the  LNC  perovskite  phase  in  the  channel  zone  is 
probably  due  to  the  contamination  during  the  spray  deposition  on 
the  ribs.  The  presence  of  NiO  might  entail  that  Ni  is  partially 
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Fig.  10.  Cross-section  of  (composite  contact  material/channeled  interconnect)  sintered  system  after  ASR  test  and  EDX  mapping  of  the  selected  zone  (in  white  continuous  line). 
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Fig.  11.  X-ray  Micro-Diffraction  pattern  refinements  performed  on  the  rib  and  on  channel  of  the  interconnect  in  contact  with  composite  material,  after  long  term  heat  treatment. 


extracted  from  the  LNC  perovskite  lattice,  whereas  Cr  is  incorpo¬ 
rated,  most  likely  to  form  La(Ni,  Co,  Cr)03  [27,50  .  It  is  known  that 
applying  a  protective  layer  to  the  metallic  interconnect  alloy  can 
reduce  the  oxidation  rate  [34].  Fig.  12  shows  cross-section  EDX 
elemental  line  scans  performed  on  the  channel  (Fig.  12a)  and  on  the 
rib  (Fig.  12b)  of  the  interconnect,  which  was  in  contact  with  the 
composite  material  after  treated  at  800  °C  for  1000  h  in  open  air. 
The  surface  oxide  layers,  both  on  the  channel  and  on  the  rib,  of  the 
interconnect  range  from  approximately  0.5  to  2  pm.  Before  ASR  test, 
the  metallic  substrate  was  preoxidized  at  800  °C  for  100  h,  making 
difficult  to  observe  differences  between  both  zones.  However,  the 
Fe  and  Cr  detected  in  the  channel  is  bigger  than  in  the  rib,  probably 
due  to  the  formation  of  a  passive  layer  on  the  metal  surface,  more 
severe  in  the  case  of  an  uncoated  area.  According  to  this,  ceramic 
coating  might  act  as  a  protective  layer.  Hence,  Cr203  is  observed  on 
the  channels.  Furthermore,  the  absence  of  Q2O3  on  the  rib  of  the 
interconnect,  can  also  imply  that  it  has  completely  reacted  to  form 
La(Cr,  B)03  (B  =  Ni,  Co)  and  (Cr,  B^CH  (B  =  Mn,  Fe,  Ni,  Co)  phases. 
The  formed  oxides  at  analyzed  channel  zones  contain:  Fe203  (<2% 
in  weight)  and  Fe304  (-36%  in  weight)  whereas  for  those  on  the  rib 
zone,  Fe203  (-2%  in  weight)  was  semi-quantified.  The  presence  of 
iron  oxides  is  in  good  agreement  with  the  previous  studies  per¬ 
formed  on  composite  contact  material  (Section  3.2.1.).  According  to 
XRMD  results,  an  interconnect  without  ceramic  coating  at  long 


Table  4 

Semiquantitative  %  in  weight  of  the  formed  phases  on  the  rib  and  channel  of  the 
interconnect  in  contact  with  composite  material  after  heating  at  800  °C  for  1000  h. 


Phases  (space  group) 

N°  PDF 

Channel 

Rib 

LaNio.6Coo.4O3  (R-3c) 

32-0296 

~46 

~82 

LaCr03  (Pbnm) 

24-1016 

~6 

~7 

Fe— Cr  (Im3m) 

34-0396 

<2 

<2 

Fe203  (R-3c) 

73-2234 

<2 

~2 

NiO  (Fm-3m) 

73-1519 

~2 

~5 

MnCr204  (Fd-3m) 

31-630 

<2 

<2 

Cr203  (R-3c) 

85-0730 

~4 

— 

Fe304  (Fd-3m) 

19-629 

~36 

— 

*Estimated  error:  ±  1—2%. 


exposure  rate  to  air,  can  promote  the  Fe304  formation  rather  than 
the  formation  of  a  chromia/spinel  protective  scale,  concluding  in 
the  formation  of  non-protective  or  Fe-rich  scale. 

Fig.  13  shows  the  surface  of  the  composite  material  which  was  in 
contact  with  the  interconnect,  after  long  term  IT-SOFC  conditions. 
EDX  mapping  analysis  is  also  shown.  Three  different  areas  were 
identified  at  the  composite  contact  surface:  the  area  of  the  com¬ 
posite  i)  under  the  rib  and,  ii)  under  channel  of  the  interconnect 
and,  iii)  the  interface  between  both  zones.  Formation  of  Cr  and  Mn 
deposit  along  the  interface  of  both  areas  is  observed,  probably  in 
the  form  of  (Cr.Mn^CH  protective  spinel.  Besides,  EDX  analysis 
showed  that  the  zone  under  the  channel  presents  Cr,  Mn  and  La 
enrichment,  possibly  associated  with  Cr-Mn-spinel  and  Cr- 
perovskite  crystalline  phases.  The  significant  difference  in  the 
amount  of  Cr  deposition  on  the  composite  material  surface  under 
the  rib  and  under  the  channel  of  the  interconnect  can  indicate  that 
the  direct  exposure  to  air  accelerates  the  formation  of  Cr03  (g)  and 
Cr02(0H)2  (g)  species.  Thus,  vapor  phase  transport  of  Cr  specie 
molecules  would  be  much  faster  and  more  significant  than  the  solid 
phase  diffusion  of  atoms,  in  LNC  and  chromia  scale,  through  defects 
in  these  solids.  Increasing  volatile  Cr  species  enhances  Cr-depletion 
from  the  alloy,  thereby  enabling  the  formation  of  iron  oxides  [46]. 

XPS  measurements  were  performed  on  the  observed  channel 
and  rib  contact  areas  of  the  surface  of  the  metallic/ceramic  com¬ 
posite  material.  Fig.  14  shows  high  resolution  spectra  of  the 
different  zones  including  La  3ds/2,  Cr  2p  and  Mn  2p3/2  spectral  re¬ 
gions.  The  binding  energies  and  relative  atomic  percentage  con¬ 
centration  of  the  detected  elements  are  listed  in  Tables  7  and  8, 
respectively.  In  both  studied  areas,  for  La,  there  are  two  peaks,  one 
at  833  eV  which  corresponds  to  La3+  in  perovskite  phase  [51  and, 
another  at  834  eV  which  is  assigned  to  La3+  in  La203  [52].  In 
addition,  the  peaks  appearing  at  575  eV  and  579  eV  could  be 
assigned  to  Cr3+  in  perovskite  [53,54].  The  atomic  concentration  of 
Cr  assigned  to  the  perovskite  remains  a  ratio  of  1:1,  and  La 
component  is  assigned  to  the  binding  energy  of  833  eV,  in  good 
agreement  with  ABO3  structure  (  ^ables  6  and  7).  In  the  contact 
channel  zone,  the  peak  at  577  eV  might  be  ascribed  to  Cr3+  species, 


Table  5 

The  quality  of  refinement  performed  on  the  rib  of  the  interconnect  in  contact  with 
composite  material,  after  long  term  heat  treatment. 


Rib  phases 

LaNio.6Coo.403 

LaCr03 

Fe— Cr 

Fe203 

NiO 

MnCr204 

^ Bragg 

13 

29 

31 

30 

16 

40 

Rf 

8 

23 

16 

24 

9 

18 

x2 

5 

Table  6 

The  quality  of  refinement  performed  on  the  channel  of  the  interconnect  in  contact 
with  composite  material,  after  heated  at  800  °C  for  1000  h. 


Channel 

phases 

LaNio.6Coo.403 

LaCr03 

Fe— Cr 

Fe203 

NiO 

3 

n 

to 

O 

4^ 

Cr203 

Fe304 

^ Bragg 

13 

32 

21 

43 

13 

32 

31 

18 

Rr 

10 

25 

11 

29 

11 

21 

18 

11 

x2 

18 
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(a)  (b) 


Fig.  12.  Cross-sectional  BSE  images  and  the  corresponding  EDX  elemental  line  scans  performed  on  a)  the  channel  and  b)  the  rib  of  the  interconnect  which  was  in  contact  with  the 
composite  contact  material  after  treated  at  800  °C  for  1000  h  in  open  air. 


possibly  forming  Cr203  [55  in  good  agreement  with  XRD  results. 
The  binding  energy  of  642  eV,  which  corresponds  to  Mn  2p3/2,  is  in 
good  agreement  with  Mn4+  in  Mn02  superficial  oxide  [56].  How¬ 
ever,  the  content  of  Mn  is  too  low  to  be  assigned  to  Mn2+  or  Mn4+ 
species. 


4.  Conclusions 

The  application  of  composite  LNC/Crofer22APU  mesh  coatings 
as  a  contact  material  for  Fe-Cr  channeled  interconnect  was  studied 
as  a  solution  to  limit  electrical  losses  between  both  materials  and 


Fig.  13.  EDX  mapping  of  the  surface  of  the  composite  material  which  was  in  contact  with  interconnect,  after  long  term  IT-SOFC  conditions. 
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Fig.  14.  La  3d5/2,  Cr  2p  and  Mn  2p3/2  spectral  regions  of  the  surface  of  composite  contact  material  under  the  rib  and  channel  after  long  term  heated  at  800  °C  in  air. 


also  to  reduce  chromium  migration  from  the  interconnect.  Prior  to 
forming  the  composite  material,  adequate  formulation  of  the  LNC 
paste  was  obtained  and  characterizated  by  rheological  measure¬ 
ments.  This  slurry  was  dip  coated  on  Fe-Cr  mesh  to  obtain 
metallic-ceramic  composite  contact  material.  The  results  showed 
good  adherence  between  ceramic  and  metallic  material,  showing  a 
continuous  and  homogeneous  coated  LNC  layer.  The  system  pre¬ 
sented  an  ASR  value  of  0.46  ±  0.01  mO  cm2  at  800  °C.  After 


treatment  under  long  term  IT-SOFC  conditions,  the  composite 
material  still  present  noticeable  oxide  scale  and  adequate  me¬ 
chanical  integrity  of  the  LNC/Fe-Cr  mesh  interface. 

When  the  composite  contact  material  was  directly  adhered  to 
the  interconnect,  the  obtained  ASR  values  were  reproducible  and 
stable  indicating  good  adherence  between  the  composite  material 
and  interconnect.  After  1000  h  at  800  °C  in  open  air,  X-ray  Micro- 
Diffraction,  performed  at  the  rib  and  channel  of  the  interconnect, 
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Table  7 

XPS  analysis  results  of  the  detected  elements  for  the  contact  surface  of  the  com¬ 
posite  in  contact  with  the  rib  of  the  interconnect,  after  heating  at  800  °C  for  1000  h 
in  air. 


Peak 

Binging  energy  (eV) 

%  at.  Cone. 

La  3d5/2  in  ABO3 

833.14 

9.5 

La  3d5/2  in  La203 

834.4 

9.1 

Cr  2p  in  AB03 

575.82;  578.98 

9.1 

Mn  2p3/2 

642.35 

3.2 

O  Is 

528.93;  530.74 

69.1 

Table  8 

XPS  analysis  results  of  the  detected  elements  for  the  contact  surface  of  the  com¬ 
posite  under  channel  of  the  interconnect,  after  heating  at  800  °C  for  1000  h  in  air. 

Peak 

Binging  energy  (eV) 

%  at.  Cone. 

La  3d5/2  in  AB03 

833.07 

7.1 

La  3d5/2  in  La303 

834.41 

11.8 

Cr  2p  in  AB03 

575.73;  579.1 

7.2 

Cr  2p  in  Cr203 

577.35 

1.1 

Mn  2p3/2 

642.34 

3.2 

O  Is 

528.98;  530.99 

69.6 

revealed  interactions  between  the  oxide  scale  and  the  LNC  material 
to  form  Cr-perovskite  which  was  related  with  NiO  presence.  In  both 
zones  semi-quantified  Fe203  was  also  present,  arising  from  the 
oxidation  of  the  metal  itself.  According  to  XRMD  results,  the 
interconnect  without  ceramic  coating  on  the  metal  surface,  and  the 
direct  exposure  to  air  increased  the  oxidation  rate  and  Fe3C>4  for¬ 
mation  as  non-protective  layer.  The  direct  exposure  to  air  acceler¬ 
ates  the  formation  of  Cr03  (g)  and  Cr02(0H)2  (g)  species  on  channel 
surface. 

Taking  into  account  the  obtained  contact  resistance,  mechanical 
integrity  and  chemical  compatibility  of  the  studied  system,  LNC 
dip-coated  on  Fe-Cr  mesh  would  offer  promising  opportunities  as 
a  high  conductivity  composite  contact  material.  Future  work  will 
include  the  integration  of  the  Lao.6Sro.4Fe03  cathode  to  form 
{interconnect/composite  contact  material/cathode}  system,  in  flow 
channel  configuration,  to  study  its  long-term  stability  in  terms  of 
contact  resistance  and  chemical  compatibility. 
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